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ABSTRACT: A review of the effect of four common impurity oxides 
on the microstructure and properties of Lead Magnesium Niobate is 
presented. Widespread inconsistencies in the reported properties 
of PMN provided the motivation for inqestigating the role of 
impurities in the processing of this ferroelectric relaxer material. 
Controlled additions of minor amounts of Zr02,Al203,Si02, and silver 
metal powder were made to ultra-high purity PMN ceramics. The 
deterioration in dielectric performance resulting from the impurity 
additions was measured and correlated with changes in 
microstructure. Scanning and transmission electron microscopy 
were used to characterise second phase formation and distribution. 
Silica was found to have the most serious effect, due to scavenging 
of MgO from the perovskite reaction to form MgSi03. The depletion of 
MgO promotes the formation of the lead niobate phase, pyrochlore. Up 
to 23volo/o pyrochlore is seen in the Si02 contaminated samples. Zr02 
retards densification in the PMN ceramic, due to a solid solution 
incorporation. Ag ions are also dissolved in solution in the 
perovskite structure·. Al20 3 does not react extensively with the PMN. 
Two types of lead niobate second phase are described. 
1. 
/ 
INTRODUCTION 
1 .1 Properties 
Lead magnesium niobate is a relaxer ferroelectric material 
with a cubic perovskite structure. Due to micro-regions of 
compositional inhomogeneity, the peak in dielectric constant at the 
transition between paraelectric and ferroelectric states, is spread 
over a temperature range of more than 350, producing a so called 
diffuse phase transition (1 ). This relaxer characteristic also 
includes a strong dependence, of both the magnitude of the 
dielectric constant and bf the temperature of the peak value, on 
field frequencies in the radio spectrum. Due to the high value of 
dielectric constant (up to 20,000) and the broad temperature range 
over which it is maintained, PMN is very attractive for multi-layer 
capacitor production (2). The continued miniaturization of these 
oevices requires high volumetric efficiency of capacitance. The lack 
J 
/. 
/ of hysteresis is also a big advantage for high field applications. The 
relatively low sintering temperature of the lead based relaxers is 
also an advantage for co-fired structures of ceramic dielectric and 
internal electrodes. When firing temperatures are reduced to below 
IOOOoC, lower cost metallic electrode· compositions can be used to 
2 
replace the expensive palladium-silver based alloys. PMN also 
displays high electrostrictive coefficients useful for actuators(3). 
1.2 Processing Difficulties 
Concerns about the relatively large losses seen below the 
curie temperature, the strong frequency dependence of dielectric 
properties, and perceived poor mechanical properties, have delayed 
the introduction of PMN based compositions to the marketplace. 
However, the main problem facing powder producers is one of 
reproducibility. It has proved to be extremely difficult to produce 
PMN ceramics with consistently high performance levels. A number 
of reasons are cited for this lack of control, among them 
sensitivities to particle size and surface area of starting powders, 
and changes in reaction sequences and heating rates ( 4). However it 
is the formation of a lead niobate phase which is perceived as the 
major problem. 
1.3 Pyrochlore 
The biggest problem perfir~ed by PMN processors is the 
appearance of a lead niobate second phase called pyrochlore. This 
parasitic phase disrupts the microstructure and stoichiometry of 
all PMN ceramics, and is often held accountable for the poor and 
3 
irreproducible properties observed. Many efforts have been made to 
eliminate this phase from PMN. The stability of the pyrochlore 
structure relative to that of the perovskite structure is a problem 
that PMN shares with many other lead-based ferroelectric systems. 
The two structure types share the same skeleton of BOs octahedra, 
which are joined at the apexes. This similarity may be the basis of 
PMN formation since a number of workers (5,6) propose that the 
perovskite forms in a reaction sequence involving a number of 
intermediate pyrochlore phases. Conversely this similarity means 
that slight changes in chemistry ~ring processing can rapidly 
\ 
decrease the probability of perovskite and favor pyrochlore 
formation . 
The competition between pyrochlore and perovskite structure 
can be discussed in terms of both kinetics and thermodynamics. 
Kinetically the major impediment to formation of PMN is the low 
reactivity of the magnesium oxide, compared to that of the lead and 
niobium oxides. The development by Swartz and Shrout (5) of the 
columbite (MgNb20 6) precalcination step is specifically aimed at 
overcoming this poor reactivity. The addition of excess MgO is a 
less efficient method to achieve the same end (7). 
4 
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Thermodynamically, the stability of the perovskite structure 
depends on the ratio of the ionic radii of the cations involved and 
the existence of strong mutual ionic bonding of cations and 
anions(8). The favorability of perovskite formation in these terms 
is characterized by a 'tolerance' factor and the electronegativity 
differences, respectively. These criteria have been used to explain 
the observed stability of PbTi03 (1 OOo/o perovskite easily formed) 
compared to the instability of Pb(Zn113Nb213)03 (impossible to form 
polycrystalline perovskite at normal pressures). 
These boundaries of stability in terms of thermodynamic 
quantities do not satisfactorily explain the persistent occurance of 
pyrochlore as a minor phase in PMN ceramics. The perovskite 
structure is usually domfnt.nt in the PMN system, however the 
presence of less than 1 O vol0/o of pyrochlore is often assumed to be 
the cause of poor performance an~ poor reproducibility. Since ultra- · 
high purity PMN ceramics appear to be tolerant o~ pyrochlore to a 
level of approximately 3 volo/o, a number of questions remain abo 
the real role of pyrochlore in degrading the performance of PMN . 
A number of processing techniques have been suggested to 
avoid pyrochlore formatio~,, The most successful method is the 
5 
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double calcination technique mentioned above. In the first 
calcination MgO and Nb20 5 are reacted to form MgNb20s columbite. 
3Pb0 is then added for a second calcination stage. Other less 
successful techniques involve additions of MgO and Pb0(9) in excess 
to stoichiometric requirements. None of these procedures produce 
PMN ceramics with dielectric constants exceeding 16,000. The 
methods involving excess MgO and PbO are claimed to help eliminate 
pyrochlore, but upset the stoichiometry of the PMN resulting in 
less than optimum performance . 
1.4 Preliminary Work 
The problem of irreproducibility and apparently unpredictable 
pyrochlore contents led us to fabricate stoichiometric PMN using 
ultra-high purity starting oxide powders (99.995°/o) (10). The 
suprising outcom;8 was that despite having pyrochlore contents of 
/ 
i 
more than 3 \/01°/o, the high purity Ceramics Showed dielectric 
constants in excess of 20,000. Using low purity(98.5°/o) reagent 
grade powders a stoichiometric PMN displayed a dielectric constant 
of 7,000 with a pyrochlore content of 5 volo/o, and an excess MgO 
compositon containing 1 volo/o pyrochlore had a dielectric constant 
of 13,000. These observations casted serious doubt on the widely 
6 
held notion that a high performance PMN ceramic could only be 
fabricated by eliminating pyrochlore. Examination of the 
microstructure of these materials revealed the pyrochlore to be 
present as relatively large (1 O µm diameter) grains, isolated in the 
PMN matrix. This discrete distribution and the scarcity of 
continuous grain boundary phases made it difficult to account for 
the precipitous drop in performance of the low purity samples. The 
impurities in the reagent grade powders appeared to be a prime 
culprit in this deterioration of properties. 
1.5 Present \t'/ork 
This thesis reports on the investigation of controlled impurity 
• 
additions to ultra-high purity oxide powders. Four different 
powders were added during processing. Zirconia was studied 
because of typical ball milling contamination, alumina because of 
,!'~ 
the furnace ware and linings to which the ceramic is exposed during 
calcination and sintering, metallic silver because of it's use in low 
firing internal electrodes, and silica because of it's abundance in 
earth minerals. The effect on dielectric behaviour was then 
correlated with the microstructural changes observed in the SEM 
and TEM. 
7 
2.0 Experimental Procedure 
Ultra-high purity starting oxide powders of MgO, Nb20 5 , and 
PbO were processed into PMN ceramics using the precalcination 
method. · Stoichiometric formulations were used throughout. The 
MgO and Nb20s were mixed by ball milling with MgO stabilized 
zirconia media in ethanol in nalgene bottles for 12 hours. The 
homogeneous slurry was then dried in a teflon dish under a u.v. light 
source, with a heated magnetic stirring plate and teflon coated 
stick used to prevent sedimentation of the heavier powder. The 
dried white powder cake was then crushed using a teflon mortar and 
pestle. 
The first calcination was carried out at 980 oC for four hours, 
with the powder lightly packed into a covered alumina crucible. The 
calcined product MgNb20 6 was then ball milled with 3Pb0, dried in 
the same fashion as above, and subsequently calcined at 860 oC for 
three hours. The PMN product was then ball milled and dried for the 
final time. 
Additions of impurities were made either prior to the first 
calcination step or prior to the second. The compositions 
investigated are listed in Table (I). No alteration of stoichiometry 
8 
was made to accommodate the impurities - the experiment aimed to 
recreate conditions in which impurities are accidently incorporated 
during processing. In all but two cases, the amount of impurity 
added was 0.2 wt0/o, calculated in terms of the total mass of PMN 
fabricated. The impurities were added in the form of finely divided 
powders during the ball milling steps. 
To aid pressing of the powders into pellets, a solution of PVA 
was used as a binder. Disk shaped pellets were pressed in a carbide 
lined steel die. Those pellets to be isopressed were then loaded 
into a sterile rubber bag \Vhich was evacuated and sealed before 
being placed into the pressurized oil chamber and pressed at 40,000 
• psi. 
Samples were sintered in double walled alumina crucibles at 
1100 oC for two hours. Six pellets were fired at one time, stacked 
on top of. each other, with powder of the same composition to cover 
them. The top and bottom pellets were discarded. 
Polished samples for SEM and AEM examination were prepared 
' 
using a progression of 320, 400, and 600 grade papers and 8 µm, 
3µm, and 1 µm SiC papers, followed by 1 µm diamond and 0.05µm 
colloidal silica vibro-met polishing. Thin foils for transmission 
9 
,--~ 
.,. ----
electron microscopy were prepared by dimpling and ion beam 
milling using a stage with liquid nit ogen cooling to prevent lead 
loss. Bulk x-ray measurements werft made on sintered disks using a 
diffractometer operating at 45Kv, 30mA, and a 0.01/sec scan rate, 
with Cu K ex radiation. Relative intensities of the (222) perovskite 
and of the (110) pyrochlore peak were used to calculate the volume 
percentage of pyrochlore in the sintered samples. 
Dielectric measurements were carried out on an automated 
system, whereby a temperature control system and an LCR meter 
were controlled by a desktop computer. Dielectric constant and 
dissipation factors were measured to within +/-5°/o, pseudo 
continuously at four frequencies between 100 Hz and 100 KHz. 
Electrodes were applied to opposite faces of the sintered disks 
using a screen print frame and a silver paste from MSI. After 
' 
drying, the electrodes were fired at 76QoC for 20 minutes. 
Density measurements were made by the Archimedes method, 
relative to a theoretical density of 8.135 glee. Grain size 
measurements were made by the 3 circle ASTM E12 boundary 
interception method using scanning electron images at 7000 X. 
1 0 
3.0 RESULTS 
The results of the dielectric measurements, volume percentage 
of pyrochlore, .. relative densities, and mean grain sizes are 
summarized in Table(2). 
3.1 Ultra-high purity PMN - PMN-U 
The dielectric constant and loss as a function of temperature 
are plotted in figure(1) for PMN-U. The microstructure is free of 
second phases except for the occasional large (5-8 micron) 
octahedral pyrochlore grain. The EDS plots in figures (2a) and (2b) 
show the difference in composition between the PMN perovskite 
matrix and a typical large octahedral pyrochlore grain. The 
difference is the smaller Mg peak in the pyrochlore trace. A 
transmission electron micrograph of PMN-U in figure(3) shows a 
very clean grain boundary between perovskite grains. 
The dielectric curves of PMNAl(0.2wto/oCal1) are shown in 
figure(4). The samples with Al20 3 added in the second calcination 
suffered the greater degradation of properties. The 
PMNAl(1.5wto/oCal2) sample had a very large pyrochlore content and 
' 
a poor microstructure. The PMNAl(0.2wt0/oCal2) sample showed 
1 1 
slightly improved properties - the microstructure contained a 
number of large pyrochlore grains, often in clusters of 4 -5 grains. 
The microstructure was more severely disrupted by regions of 
poorly packed small ( <1 micron) particles with a lot of associated 
fine porosity. These features are illustrated in the back scattered 
electron image in figure(S). The large pyrochlore grain has a dark 
contrast due to the lower Mg content compared to the matrix. The 
same poorly packed particles were seen in the PMNAl(0.2wt0/oCal1) 
sample, shown in the secondary electron image in figure(6). The 
transmission electron image in figure(?) reveals these small 
particles to be associated with pyrochlore grain clusters. EDS and 
CBED analysis shows the particles to be pure hexagonal alum·ina. No 
continuous grain boundary phase is present, nor are any phases 
formed in combination with alumina. All the samples showed well 
densified perovskite phases. 
3.3 PMN + Si02 
The PMNSi(0.2wt0/oCal1) and PMNSi(0.2wt°/oCal2) samples were 
very similar in terms of both microstructure and properties. The 
dielectric properties of PMNSi(0.2wto/oCal1) are shown in figure(8). 
A typical microstructure is shown in the secondary electron image 
1 2 
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of figure(9). The dark contrast particle present in the lower left is 
shown again in the transmission electron image in figure(10), 
identified by EDS as MgSi03. The x-ray spectrum of this MgSi03 
particle is shown in figure(11). Many of these particles are present 
with sizes between 0.7 and1 .Smicrons. The MgSi03 is not evident in 
BSE mode, nor can it be detected by x-ray analysis of bulk sintered 
samples. Also noticeable in figures(9) and (10) are small (<0.2 
microns) particles of MgO. These are scattered throughout the 
microstructure, often associated with MgSi03 particles. No free 
silica was observed. 
Two types of pyrochlore are seen in the silica contaminated 
samples. The back scattered electron image in figure(12) shows a 
large, oblong pyrochlore grain, a type refered to as oversized cubic 
pyrochlore . A second type, refered to as small lead niobate, is 
associated with regions of fine porosity in the PMNSi(0.2wt0/oCal1) 
sample. The transmission electron image in figure(13) reveals these 
poorly packed rod shaped grains with size <0.3 micron. Using a 1 nm 
probe size in STEM mode, these small lead niobate rods were found 
to be devoid· of Mg, in contrast to the oversize cubic pyrochlore 
grain in figure(12). The small lead niobate grains in figure(13) 
1 3 
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contain only lead, niobium and oxygen, and have a different 
structure to the magnesium containing oversize cubic pyrochlore in 
figure(12). 
3.4 PMN + Zr02 
The PMN samples with Zr02 added prior to the second 
· calcination stage showed poorly densified microstructures, even 
when isopressed. These samples exhibit a uniform orange/brown 
color in contrast to the bright yellow color of PMN-U. The dielectric 
properties of the sample PMNZr(0.2wt0/oCal1) are shown in 
figure(14). All the samples with zirconia contamination displayed a 
consistent level of 5 volo/o pyrochlore. The backscattered electron 
image in figure(15) shows the presence of some oversize cubic 
pyrochlore grains, associated with clusters of smaller grains. A 
large amount of porosity is also apparent. A cluster of the small 
lead niobate grains is also shown in the secondary electron image 
of a fracture surface in figure(16). No second phases containing 
zirconium were found. The secondary electron image in figure(17) 
shows the presence of a thick boundary phase surrounding the 
oversize cubic pyrochlore grains, pronounced after thermal etching 
of a polished surface. A similar phase is shown in the transmission 
14 
electron image in figure(18). This phase is thought to be 
amorphous, however no zirconium could be detected in it. 
Since no free zirconia or zirconium containing second phase 
could be detected, two more compositions were made with 0.2wt0/o 
additions of zirconia in an effort to elucidate the location of the 
zirconium in the microstructure. The two compositions were 
stoichiometrically adjusted to accommodate Zr on either the Mg 
site or on the Nb site in the perovskite structure. That is, one 
sample was made with the appropriate amount of Mg removed, 
Pb(Mg113-xZrxNb213)03, and another with some Nb removed, 
Pb(Mg113Nb213-xZrx)03. Both compositions showed a 40°/o 
improvement in the dielectric constant. The two compositions were 
very similar in microstructure and properties. The microstructures 
were not significantly changed from that of the PMNZr(0.2wto/oCal1) 
sample, however no evidence of amorphous phases around large 
pyrochlore grains could be found. 
3.5 PMN + Silver 
The dielectric properties of the PMNAg(0.2wt0/oCal1) sample 
are displayed in figure(19). The microstructure shows well sintered 
perovskite grains in the secondary electron image in figure(20). 
15 
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Pyrochlore is again present as shown in figure(21 ), in the • oversize 
cubic form. There is very little evidence in this material of the 
small lead niobate pyrochlore(Mg free). The silver contaminated 
samples all have a green coloration. No free silver oxide or silver 
containing second phases were found. There is an abundance of 
small (<0.3 micron) MgO particles throughout the sintered ceramic, 
such as those seen in figure(22). The samples with silver metal 
powder and with silver oxide added prior to the second calcination 
had similar properties - neither of the samples were isopressed, 
which may account for the lower dielectric constant. 
3.6 Summary of microstructures. 
(a) PMN + Si : Two types of pyrochlore present; oversize isolated 
grains of magnesium containing pyrochlore, and rod shaped grains 
of small lead niobate (Mg free) at grain boundaries. Many MgSi03 
grains are readily observable in the perovskite matrix. 
(b) PMN + Zr: Both types of pyrochlore seen, poor densification, no 
free Zr02 , no Zr containing second phases detected but amorphous 
' 
phase surrounds some oversized pyrochlore grains. 
(c) PMN + Ag: Oversize cubic pyrochlore only, well densified clean 
16 
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perovskite matrix, no free AgO or Ag containing second phases, 
many particles of pure MgO < 1 micron in diameter. 
(d) PMN + Al20 3 : Both types of pyrochlore present, large numbers of 
small, pure alumina particles associated with porosity and 
clusters of oversize cubic pyrochlore . 
17 
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4.0 DISCUSSION 
All of the contaminants, Al20 3,Zr02,Si02, and Ag, in this study 
produce a serious deterioration in the dielectric performance of 
ultra-high purity PMN . The effect on the microstructure of 
relatively minor quantities is significant for all of the samples 
except the silver contaminated ceramics. The study shows that it 
is possible to make PMN ceramics with dielectric constants 
degraded by up to 65°/o despite relatively good densification and 
pyrochlore contents less than 7o/o. Two types of pyrochlore have been 
observed, differing in both composition and structure. In addition to 
the changes in morphology and total volume of pyrochlore, other 
factors to be considered in attempting to explain the severe loss in 
dielectric permittivity are grain boundary phase formation, 
formation of second phases involving the impurity ions in 
combination with Pb,Nb, or Mg, and the presence and distribution of 
particles of pure oxides of Pb,Nb,Mg, or of any of the contaminant 
ions. Density and grain size are relatively unchanged in the 
isopressed samples. 
4.1 PMN + Si02 
1 8 
4.1.1 Pyrochlore formation: Silica is the only impurity of the 
four studied that seems to promote pyrochlore in extraordinary 
amounts (23 vol0/o), which is thought to be a primary reason for the 
low (<6000) dielectric constant. The formation of large amounts of 
pyrochlore in these samples is promoted by the scavenging of MgO 
from the perovskite reaction by the silica impurity. The strong 
affinity of Si for Mg (also seen in MgO stabilised zirconia materials 
contaminated with silica) results in the formation of an MgSi03 
phase. The chemical reaction scheme given below illustrates this 
phenomenon : 
3Pb0 + Nb20s + MgO + 0.03Si02 ----> 0.33Pb2Nb1 .1sMQo.2sOs.s2 + 
2.31 Pb(Mg113Nb213)03 + 0.03MgSi03 + 0.12Mg0. 
The micrographs in figures (9) and (10) show all of the phases 
listed in this reaction. 
Two types of pyrochlore have been distinguished in the 
_. microstructures studied in this work. Both types are present in the 
silica contaminated samples. Distinctl1"facetted octahedral shaped 
grains with diameters up to ten times that of. the matrix PMN grains 
are either isolated in the microstructure, or commonly clustered in 
groups of five or six grains. A second type of pyrochlore has a rod 
1 9 
shape, is generally less than one micron in length, and forms in 
clusters at the grain boundaries of the perovskite PMN. It is 
doubtful whether the x-ray measurements on bulk sintered samples 
can detect the presence of this small lead niobate type pyrochlore. 
The volume percentage contents listed in table(2) are likely to be a 
reflection of the oversize cubic pyrochlore only. 
The oversize octahedral grains are the most prominent type of 
pyrochlore present in the microstructure, however in some cases 
they do not account for the major portion of lead niobate second 
phase in these deliberately contaminated ceramics. The oversize 
cubic pyrochlore grains are less disruptive to the microstructure, 
and to the dielectric properties, by virtue of their distribution, 
than are the small type lead niobate grains, which are clustered at 
grain boundaries. High magnification TEM pictures are needed to 
reveal the presence of the small lead niobate pyrochlore particles 
at the grain boundaries of the PMN matrix. Unlike Goo's (11) 
microstructure however, there is no evidence of a lead based 
amorphous phase at the grain boundaries when small pyrochlore is 
seen. This difference can be attributed to Goo's use of a low purity, 
non-stoichiometric composition compared to the high purity 
I' 
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stoichiometric PMN used here. 
Reports of the composition and structure of the pyrochlore 
phases present in PMN ceramics have shown some variation. In 
agreement with Chen(12) and Shrout(13), it was found in this study 
that the oversize octahedral grains of pyrochlore are not pure lead 
niobate, but that the structure incorporates some Mg. The 
pyrochlore structure can easily accommodate other ions. The 
composition of the oversize cubic pyrochlore, as it is referred to, is 
given by Chen (12) as: 
Convergent beam pattern analysis by Sung et al (14) shows the 
lattice parameter to be 10. 7 x 103nm, with an Fd3m cubic 
symmetry. 
The small lead niobate grains at the grain boundaries do not 
contain any Mg that can be detected by a 1 nm probe at 1 osx in STEM 
mode. The pure, small lead niobate pyrochlore grains Pb2Nb201 have 
rhombohedral symmetry, and are usuafty rod shaped with an aspect 
ratio of four to five. The small lead niobate particles are not seen 
in the ultra-high purity PMN samples, or in the silver contaminated 
samples. 
The work of Chen(12) using modification of the Mg/Nb ratio 
21 
to control_ the amount of PMN pyrochlore in high purity ceramics, 
shows that the large octahedral grains have an isolated distribution 
in amounts up to 18 volo/o, the percolation limit. Beyond this the 
pyrochlore is interconnecte·d. Lead niobate with magnesia 
incorporated has a dielectric constant of less than 200, however 
the presence in the microstructure of 14.4°/o as an isolated phase 
will not disrupt flux lines within the PMNSi(0.2wt0/oCal1) sample 
under an- applied field to the extent that the dielectric constant is 
reduced by more than 50°/o. Chen's data shows that a 5vol0/o content 
of pyrochlore in an ultra-high purity sample decreases the maximum 
K value from 20,000 to 17,000. According to the same rule of · 
mixtures model (reproduced in figure(23)), a 40 vol 0/o content of PMN 
pyrochlore would be required to reduce the dielectric constant to 
the 5,000 level seen in the PMNSi(0.2wto/oCal1) sar11ple. 
Careful examination of the microstructure of the silica 
contaminated sample does reveal an abundance of pyrochlore 
phases, both oversize cubic and small lead niobate. However the 
volume percentage indicated by bulk x-ray measurements is 
between 14_.4 and 23 volo/o for the silica contaminated samples, and 
does not approach 40°/o. Even if it were assumed that the bulk x-ray 
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analysis is insensitive to the small pure lead niobate phases, it is 
apparent from TEM analysis that the microstructure does not 
consist of 40°/o pyrochlore. To explain the greater than predicted 
deterioration of dielectric constant, two factors that can be 
considered are: 
(i) Non-stoichiometry of the PMN perovskite phase. 
(ii) Silicon as a lattice impurity, poisoning the perovskite 
structure. 
The solubility limit of Si in the perovskite lattice is unknown, 
however since a quantity of MgSi03 is formed, it is obviously less 
than the ().2wt0/o added. The observed increase in Curie temperature 
to -BoC could be caused by either of the above suggestions, and no 
evidence was obtained to confirm which mechanism maybe 
responsible for the deterioration in properties beyond that 
accounted for by the unusually high -pyrochlore content promoted by 
" 
the formation of MgSi03 . 
~ 1.3. The role of excess MgO: The presence of many 
cubic MgO particles throughout the microstructure, often associated 
with MgSi03 particles, raises an interesting point of speculation 
23 
about the role of excess MgO in improved processing of PMN 
ceramics, a topic involving some degree of disagreement. 
With additions of MgO of between 3 and 72mol0/o in excess to 
I 
stoichiometric requirements, enhanced performance is 1reported and 
variously attributed to a reduction in pyrochlore content (15), 
reduced porosity due to pinning of boundaries by MgO particles(16), 
or enhanced densification due to the formation of liquid phases(17). 
The role of impurities, particularly silica, as scavengers for MgO 
can now be added to this list of possibilities. The many 
discrepancies in reports on the influence of excess MgO m~y reflect· 
/ 
the differing levels of purity in the ceramics studied. Despite the 
availability of free MgO particles within the structure, many of the 
small rhombohedral lead niobate particles containing no Mg are 
present at the grain boundaries of the silica contaminated sample. 
This observation further complicates the role of MgO in supposedly 
reducing pyrochlore content. 
There is very little difference between the properties or 
microstructure of the samples with silica added in the first 
calcination step, and that added in the se90nd calcination step. The 
24 
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deterioration of properties caused by the silica is severe in both 
cases, and is the most significant of the four impurities studied. It 
should be noted that due to it's low molecular weight, 0.2 wto/o 
silica is equivalent to 2.5 mol0/o in this system, the largest amount 
of the four impurities. 
4.2 PMN + Zr02 
In contrast to the silica contaminated sample there is a 
notable lack of second phases containing the impurity ion in the 
zirconia doped samples. In fact, the Zr is dispersed into the ceramic 
such that none of the analysis methods used in this study could 
detect its presence. When 5 mol0/o was added, a distinct, uniform 
brown/orange color was produced and extremely poor densification 
was seen under conditions which produced well sintered ceramics 
in the other cases. Using isopressing to enhance densification, an 
improvement was produced, however a typical 'wormy' porosity was 
still present to a certain extent. Also, more unreacted MgNb20s was 
I, 
seen in in these samples than in any other. The observation of a 
large shift in the Curie temperature to -8oC supports the idea that 
Zr is incorporated into solid solution in the ceramic. This may 
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effect solid state diffusion and hence explain the poor sintering. It 
is unlikely that the Zr ions are incorporated into the pyrochlore 
phase since it is the matrix perovskite which makes up more than 
90°/o of the ceramic that is responsible for the change in Curie 
temperature. If the Zr were incorporated into the 5°/o of the ceramic 
which is pyrochlore, the higher relative concentration would make 
it's detectibility more likely by our analysis techniques. The 
addition made in the second calcination step caused a more severe 
deterioration of properties, compared to that made in the first step. 
This is probably explained by the higher density of the first 
calcination sample, which was isopressed. 
The amount of pyrochlore detected by the bulk x-ray 
measurement was at a consistent level of approximately 5 vol0/o for 
all of the zirconia contaminated samples. The pyrochlore 
morphologies were similar to those seen in the silica contaminated 
samples, many small lead niobate particles at the grain boundaries 
and a few clusters of oversize cubic PMN pyrochlore grains of 
'IO 
average diameter 2 microns. Some of the PMN cubic pyrochlore 
grains grew to over-size proportions, either by coalescence of 
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clusters or by abnormal growth of single grains. A few examples of 
the over-size cubic pyrochlore grains had an amorphous second 
phase at their boundaries. The micrograph in figure(24) shows a 
second phase spread over part of one face of such a grain. Work on 
the formation of the over-size octahedral grains by Chen(18) 
suggests that liquid phases present at favorable interfaces allow 
rapid growth along a low energy plane. The step growth shown on 
the surface of the pyrochlore grain is a result of this preference for 
the low energy plane. 
The origins of the two different types of pyrochlore is 
unknown. Whether the over-size grains form during the calcination 
steps or during sintering is a matter for conjecture. The presence 
of the small lead niobate pyrochtore only in the Si02,Zr02, and 
\1 
Al20 3 , contaminated samples indicates an impurity role in its 
formation. In the silica contaminated case the lack of MgO due to 
scavf3nging by thi~ impurity will promote pure, small lead niobate 
. : . · .. :··_ -~ . ' 
formation. However in the· zirconia case, no mechanism is apparent 
to explain the lack of MgO in the small lead niobate pyrochlore. 
It is possible that more of the amorphous phases seen around 
27 
some pyrochlore grains are present in the early stages of firing, but 
are lost by evaporation as sintering is completed at higher 
temperatures. Since the perovskite matrix is so poorly sintered in 
the Zr02 samples, it is unlikely however that a large amount of 
liquid phase is present. It is also possible that Zr is involved in the 
formation of the amorphous phases since the compositions with 
B-cations removed to accommodate the impurity show no evidence 
of such phases. If the Zr ions are all fitted into the perovskite 
structure, the chance of Zr being involved in reactions with glass 
forming components is reduced. 
4.3 PMN + silver. 
The PMN ceramics contaminated with metallic silver powder 
contain no second phases with detectable silver content. The most 
notable characteristic of the microstructure is the abundance of 
MgO particles with diameter less than 0.1 micron, scattered across 
the microstructure. Grain boundaries are clean, with no small lead 
niobate pyrochlore present. The octahedral shaped cubic pyrochlore 
containing magnesium is present as isolated over-size grains, 
measured by bulk x-ray analysis to make up 6.55 vol0/o of the 
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ceramic. The dielectric constant is significantly reduced despite 
the clean, well sintered microstructure of the isopressed samples. 
The characteristic green color of the this composition supports the 
suggestion that the silver ions are incorporated in solid solution. 
The abundance of free MgO particles in the microstruct~e could be 
a result of the silver ions occupying the 81 site in the perovskite 
structure, and ejecting a number/ of Mg ions. Such an exchange of 
Mg+2 and Ag+1 ions would create charge imbalances and disrupt 
microcompositional ordering in the perovskite, resulting in a 
decrease in the dielectric constant. 
The alumina impurity is not extensively incorporated into the 
PMN ceramic. Most of the powder added remains as the pure oxide. 
Particles of pure, hexagonal alumina, 0.1-0.3 micron in size, are 
most often associated with poorly packed clusters of cubic PMN 
pyrochlore. A lot of fine porosity is also associated with these 
clusters of cubic pyrochlore grains of approximately 5 micron in 
diameter, which account for a total of 6-7 volo/o of the ceramic. 
However the surrounding perovskite is well densified. It is not 
lf 
29 
" 
known why the alumina particles are usually associated with 
pyrochlore grains and regions of low density. It is difficult to 
understand how the alumina produces a 50o/o or greater decrease in 
dielectric constant, when a large quantity of pure alumina particles 
remain uncombined and discretely distributed throughout the 
ceramic. More work on the possible incorporation of alumina ions 
into the perovskite is required. 
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5.0 CONCLUSIONS. 
' 
Low levels of comfnon impurity oxides were found to have a 
profound effect on the dielectric properties of PMN ceramics. The 
change in the microstructure caused by the inclusion of 0.2 wt°/o 
silica, alumina, zirconia, or silver metal powder was, found to differ 
in detail and magnitude. Disruption of the ceramic microstructure 
caused by silica is extensive, and centers around the formation of 
MgSi03, since the Si is a powerful scavenger of MgO from the PMN 
formation reaction. A result of this phase formation is the 
promotion of pyrochlore, apparently both in the pure rhombohedral 
lead niobate form, and in the Mg containing oversize cubic form. The 
\l> 
composition and structure of these two· pyrochlore types is 
described. Bulk x-ray measurements are thought not to include the 
content of small lead niobate pyrochlore, seen most often at grain 
boundaries. The decrease in volume percent of perovskite due to 
formation of pyrochlore phases and MgSi03, are thought to be major 
contributors to the low dielectric constant observed. However it is 
difficult to discount the effect of silica as a lattice impurity in the 
perovskite, and the possible non-stoichiometry of the PMN. 
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Alumina impurity does not seem to react with the PMN - many 
small pure alumina particles are present, often associated with 
clusters of cubic pyrochlore grains. No microstructural feature was 
observed that provided evidence of a mechanism whereby the 
alumina encouraged pyrochlore formation, or otherwise caused the 
deterioration in properties measured. It is not known if any alumina 
is incorporated in solid solµtion. Investigations using the ALCHEMI 
(19) technique maybe used in the future to detect the low levels of 
alumina involved in this experiment. 
Silver and zirconia impurities appear to be dissolved in solid · 
solution in the PMN perovskite. Both ions cause color changes in the 
sintered samples, however the detection analyses used were not 
capable of obtaining direct evidence of dissolved concentrations. 
Zirconia retards densification and causes a slight rise in the Curie · 
temperature. The deterioration in dielectric constant is a result of 
poor densification in combination with a solid solution effect, and 
... ,. . 
the formation of amorphous phases at the boundaries of some 
oversize cubic pyrochlore grains. Grain boundary phases of low 
dielectric constant will disrupt flux lines within the ceramic and 
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Zr+4 ions in the perovskite will produce charge imbalances and 
defect structures. The types of defects formed have not been 
investigated but it is clear that when the stoichiometry of PMN is 
upset, the dielectric properties show a large deterioration. 
The profusion of MgO particles in the mTcros_tructure of the silver 
doped samples, withput a correspondingly significant volume of 
pyrochlore, and the lack of silver containing second phases, support 
) the idea that silver ions replace Mg ions in the perovskite lattice. 
The observed decrease in dielectric constant is thought to be a 
result of the distortion of the perovskite structure due to changes 
in size and charge of ions on the B-s,ite compared to the 
stoichiometric PMN. 
The results of this study illustrate how the pres·ence of low 
levels of impurity, originating in the component oxide powders or 
introduced during processing, can ruin the dielectric properties of 
PMN. Although it is difficult and potentially expensive to avoid such 
a common and devastating impurity as silica, precautions taken , to 
' 
minimize impurities would no doubt benefit the consistency of PMN 
research world-wide, even if it is not a very practical solution for 
33 
·-
• 
I 
\ 
large scale industrial production. This war~ highlights the great 
- . 
sensitivity of the PMN formation reaction to the presence of foreign 
ions, and serves to demonstrate that detailed microstructural 
. 
characterization is necessary to substantiate findings concerning 
processing aids and performance improvement. To obtain a high 
" 
dielectric permittivity in a PMN ceramic, a delicate balance of Mg 
and Nb ions needs to be maintained on the 8-sites of the perovskite 
structure. This balance is easily disrupted by impurity ions, in 
particular those which remove and/or replace the Mg ions. It is the 
,· 
\.J 
accom,adating nature of the perovskite structure which makes 
' possible a wide range of solid so·tutions based on the PMN system, 
but which also makes it highly susceptible to impurity ion 
degradation. Further work is needed to discover whether the more 
. . 
complex solid solution systems based on PMN are more resistant_ to··· .. 
deterioration by impurities. 
/ 
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T ABLE(1) : Compositions. 
{ 
CODE IMPURITY 
-
AMOUNT WHEN ADDED 
wt0/o mol0/o 1 stCAL 2nd CAL 
PMNZr(1.9wt°/oCal2) Zr02 1.89 5.0/ * 
PMNZr(0.2wt0/oCal2) 0.2 o.·12 * 
PMNZr(0.2wt0/oCal1) 0.2 0.12 * 
------~-----~---------------------------------------~ I 
PMNZr(0.2wt0/oCal1 Mg) Zr02 0.2 0.12 
---------------------------·---------
PMNZr(0.2wt0/oCal1 Nb) Zr02 0.2 0.12 * 
----------------------------
PMNAl(1.5wt0/oCal2) Al203 1.5 5.0 * 
--------------------------------
PM NAI (0 .2wto/oCal2) 0.2 0.14 7 & * 
---- -- --------------------
PMNAl(0.2wt0/oCal1) 0.2 0.147 * 
----------- -------------------------
PMNSi(0.2wt0/oCal2) 0.2 0.25 * 
_______________________ , _________ _ 
PMNSi(0.2wt0/oCal1) 0.2 0.25 * 
----- _, __________________________ _ 
PMNAg(0.2wt0/oCal2) Ag metal 0.2 0.139 * 
-------·-·-----·----------------·-----
PMNAg(0.-2wto/oCal1) Ag metal/' 0.2 · 0.139 * 
----- --------------------- ---------
0.2 * 
\ 
• 
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TABLE(2):RESULTS . 
• 
CODE 
" 
K Tc volo/o 0/o Th. G.S. 
(oC) pyrochlore p ( µ) 
PMNZr(1.9wt°/oCal2) 7500 -9 4.0 - 2.6 
L 
' 
PM~~r(0.2wt°/oCal2) 4,000 -9 6.1 93 -
PMNZr(0.2wt°/oCal1) 7,500 -8 5.2 96.3 0.85 
PMNZr(0.2wto/oCal1Mg)10, 150 -6 5.3 - -
P NZr(0.2wt0/oCal1 Nb) 10,000 -7 5.2 - -
PMNAl(1.5wt0/oCal2) 6,000 -18 27.0 - -
,,. PMNAl(0.2wt0/oCal2) 7,700 -18 7.1 92.6 1 .8 
PMNAl(0.2wt°/oCal1) 11,150 -13 6.4 95.1 0.76 
PMNSi(0.2wt0/oCal2) 5,000 -8 14.4 96.1 0.82 
' 
PMNSi(0.2wt0/oCal1) 6,000 -8 23.0 - 95.8 -
PMNAg(0.2wt0/oCal2) 7,250 -12 - -
-------------·--- ·------·--------·---
PMNAg(0.2wt°/oCal) 11,000 -13 5.3 97.3 0.72 
7,425 -13 6.5 89.9 -
------·-----·----------------------·---
PMN-U 20,000 -12 2.0 96.2 0.93 
( 
s· 
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FIGURE(1) Dielectric properties as a function of temperature 
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FIGURE(2) (b) Energy dispersive x-ray spectrum of the 
pyrochlore phase in PMN-U, which contains Pb and Nb but 
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FIGURE{3) A transmission electron micrograph of perovskite 
grains in PMN-U, showing clea.n grain boundaries and absence 
of second phases. 
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FIGURE(S) Backscattered electron image of 
PMNAl(0.2wto/oCal2) showing large cubic pyrochlor~ grain 
{dark contrast) and clusters of alumina particles associated 
with fine porosity. 
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FIGURE{6) Secondary electron image of PMNAl{0.2wto/oCal1) 
showing clusters of small particles of pure alumina. 
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FIGURE(7) Transmission electron image of PMNAl(0.2wt0/oCal1) 
showing a cluster of pure alumina particles. 
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FIGURE(9) Secondary electron image of PMNSi(0.2wt0/oCal1) 
showing large cubic pyrochlore grains, an MgSi03 
particle(dark contrast), and small MgO particles(light 
contrast. 
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FIGURE(10) Transmission electron image of second phases 
MgSi03 . and MgO in PMNSi(0.2wt°/oCal1 ). 
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FIGURE(11) Energy dispersive x-ray spectrum of MgSi03 
second phase in PMNSi(0.2wt°/oCal1 ). 
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FIGURE(12) Backscattered electron image of an oversize 
cubic pyrochlore grain (dark contrast) in PMNSi(0.2wt0/oCal1). 
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FIGU RE(13) · Transmission electron micrograph showing 
small pure lead niobate phase in PMNSi(0.2wto/oCal1 ). 
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FIGURE(14) Dielectric properties .of PMNZRCAL 1. 
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FIGURE(15) Backscattered electron image of 
PMNZr(0.2wto/oCal1) showing oversize cubic pyrochlore and 
poor densification. Q 
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FIGURE(16) Secondary electron image of a fracture surface of 
PMNZr(0.2wt0/oCal1) showing small pure lead niobate 
pyrochlore grains clustered in the matrix. 
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FIGURE(17) Secondary electron rrrrage, of PMNZr(0.2wt0/oCal1) 
" 
showing a second phase (bright contrast) around the edges of 
the oversize cubic pyrochlore grains. 
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FIGURE(18) Transmission electron micrograph showing an 
amorphous phase at the grain boundary in PMNZr(0.2wt0/oCal1 ). 
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F.IGURE(20) Secondary electron image of well densified 
perovskite grains in PMNAg(0.2wt0/oCal1), note absence of 
second phases. 
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FIGURE (21) Secondary electron image of oversize cubic 
pyrochlore grains in PMNAg(0.2wt0/oCal1) 
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FIGURE(22) Transmission electron image of MgO particles in 
PMNAg(0.2wt°/oCal1) 
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FIGURE(23) Dielectric permittivity as a function of vol 0/o 
pyroc·h1o·re phase with excess Nb, showing both experimental 
and theoretical data (Wieners Mixing Rule). (Reproduced 
courtesy of J.Chen). 
60 
C 
( 
' 
-~ 
FIGURE(24) Secondary electron image of a se9ond phase at 
the boundary of a large cubic pyrochlore grain in 
PMNZr(0.2wto/oCal1 ). 
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